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ABSTRACT 



A high strength cladding tube for nuclear fuel for a nuclear 
reactor having an inner tubular layer of a zirconium alloy 
with alloying components of molybdenum and 3 to 6 weight 
percent bismuth, the balance zirconium. 

19 Claims, 2 Drawing Sheets 
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1 

COMPOSITE CLADDING FOR NUCLEAR 
FUEL RODS 

FIELD OF THE INVENTION 

The present invention relates to nuclear fuel rods for a 
nuclear reactor and in particular to a cladding tube made of 
a zirconium based alloy for use in nuclear fuel assemblies 
for pressurized water reactors. 

BACKGROUND OF THE INVENTION 

Cladding for use in nuclear fuel rods far light water 
reactors functions to prevent fission products from being 
released from the fuel into the coolant/moderator and to 
prevent contact and chemical reactions between the fuel and 
the coolant/moderator. The cladding is required to have 
excellent mechanical properties and high corrosion resis- 
tance in the environment and for the conditions expected 
during reactor operations. Cladding is therefore required to 
have adequate corrosion resistance for the lifetime of the 
fuel rod for operation in water and steam at temperatures up 
to approximately 345° C adequate strength and creep 
behavior over the lifetime of the fuel rod. and typically have 
low parasitic neutron absorption for economic use of the 
fissionable fuel material. 
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MAXIMUM IMFURmRS. WRIGHT <fc 

R 60602 R 60804 



10 



Nitrogen 


OJ0O65 


0.0065 


Silken 


0X12 


0.0120 


Tm 








0.0050 


0.0050 


Tungsten 


0.010 


0.010 


Unnium (Total) 


0.00035 


0.00035 
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Common cladding materials include zirconium* zirco- 
nium alloys, and stainless steel. Zirconium based alloys in 
which the major component is zirconium have been used in 
the cladding of nuclear fuel rods or dements for several 
decades. Two of the most commonly used zirconium alloys 
that have given satisfactory performance are Zircaloy 2 and 
Zircaloy 4 and are described in American Society for Testing 
and Materials standard B35f>93(1993), Standard Specifica- 
tion For Zirconium and Zirconium Alloy Ingots For Nuclear 
Application, compositions R60802 and R60804. respec- 
tively. Zircaloy 2 (composition R608Q2) is composed of 
from 1,20 to 1.70 weight percent tin, 0.07 to 0.20 weight 
percent iron, 0.05 to 0.15 weight percent chromium, 0.03 to 
0.08 weight percent nickel where the iron plus chromium 
plus nickel content is from 0.18 to 0.38 weight percent and 
the balance is zirconium plus impurities. Zircaloy 4 
(composition R50804) is composed of from 1.20 to 1.70 
weight percent tin, 0.18 to 0.24 weight percent iron, 0.07 to 
0.13 weight percent chromium, where the iron plus chro- 
mium content is 0.28 to 0.37 weight percent and the balance 
is zirconium plus impurities. The mAximnm impurities for 
Zircaloy 2 and Zircaloy 4 are given in the following table 
which Is from Table 1 of the ASTM B350-93 Standard. 



TABLE I 


MAXIMUM IMPURITIES. 






It 60802 


R 60604 


Alunnmo) 


OJ0O73 


0X075 


Barao 


0.00005 


O.000O5 




OD0005 


0.00005 


Carbon 


0.027 


0027 


Cobalt 


0.0020 


00020 


Copper 


00050 


0.0050 


Ita^cmiQ) 


0010 


0X10 


Hydrogen 


00025 


0.0025 


Oxygen 


• 


• 




0O020 


0X020 




00050 


0X050 




0OQ50 


0X050 


Nickel 




0X070 


Niobium 


OjOIO 


0X10 



;~ — -v. •** » wjcx, wygca mui dc aeiezmiDM gad 

reported. Mwhrnm or mmtTmim permissible values, or bom, «h«n ^ ^ 
s peci fi e d. 

Although these and other alloys have provided generally 
adequate performance, they possess some deficiencies that 
have prompted further analysis and research to find alter- 
native mat e ria l s for and alternative constructions of nuclear 
fuel rod cladding to single walled cladding comprised of a 
20 single metal or alloy (sometimes referred to as 'through" 
wall cladding) which does not possess both optimum 
strength and resistance to corrosion. Alternative construc- 
tions to single or through wall cladding for use as nuclear 
fuel rod cladding includes two layer or multiple layer tubing. 
25 These types of cladding have (a) an outer layer of a highly 
corrosion resistant alloy and (b) an inner layer that provides 
the bulk of the mechanical strength of the cladding. Clad- 
ding of mis type, sometimes referred to as duplex cladding, 
with an extra low tin Zircaloy-type outer layer (nominally 
30 0.8 wt 9b tin) and a Zircaloy-4 inner layer is currently in use 
for nuclear fuel rod cladding. Zircaloy-4 inner layer cladding 
with a thin outer layer (3 to 5 mil) of various other corrosion 
resistant alloys has been produced and tested in-reactor. An 
outer layer alloy containing 0,5 wt % tin, 0,5 wt % iron, 
35 balance zirconium, and another outer layer alloy containing 
0.5 wt % tin, 0.5 wt % iron, 0.2 wt. % chromium, balance 
zirconium have each shown exceptional corrosion perfor- 
mance in a high temperature pressurized water reactor. 
Examples of multiple layered tubing constructions and 
40 alloys for nuclear fuel rods are discussed in U.S. Pat. Nos. 
5,493,592; 4,963,316; 4,735,768, which are each hereby 
incorporated by reference. 

With the higher burnups and longer in-reactor residence 
times that arc being pursued and which, for largely eco- 
45 nomic reasons, continue to be increased, performance limits 
of commonly used alloys for nuclear fuel rod cladding are 
being reached. The corrosion resistance of the Zircaloys has 
been a major concern, especially in modern high coolant 
temperature pressurized water reactors that employ low 
50 leakage core loadings where the corrosion film on Zircaloy 
can build up to unacceptable levels for burnups around 50 to 
60 MWd/kgU. In efforts to optimize the corrosion perfor- 
mance of the Zircaloys, through a reduction in the tin level, 
the strength and creep properties of the cladding material 
have thereby been duninished. For example, over the last 
decade the tin level of the Zircaloys used as cladding 
materia l s in nuclear fuel rods which was nominally held at 
approximately 1.55 wt % has been lowered to a nominal 
level of approximately 130 wt %. This reduction in the 
60 level of tin has resulted in substantially better corrosion 
performance specifically at higher burnups, but the reduc- 
tion in tin has negatively impacted the mechanical properties 
of the cladding. Tin is a solute solution strengthening alloy 
element in Zircaloy and improves the strength and creep 
65 resistance of the alloy. However, lowering the tin level in 
Zircaloy reduces the resistance of the cladding to creepdown 
as well as the strength of the cladding. 
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In attempts to overcome the limitations in the higher reactor fuel cycle cod reductions by using relatively higher 

burnup performance of the zirconium alloys and the cost, but thin wall multiple layer cladding compared to 

Zircaloys. alloy development programs have been Initiated using thicker through wall Zircaloy cladding, 
and research and development continue to this date for 

zirconium alloys for use as a nuclear fuel rod cladding that 5 SUMMARY OF THE INVENTION 

would have a more favorable combination of corrosion _ . . . ... 

nsistance. high strength and creep resistance as well as a The present invention relates to a high strength cladding 

low neutron cross section. tube for nuclear fuel for a water cooled and ox moderated 

An object of the present invention is to improve upon the reactor comprising an elongated hollow metallic tubular 

nuclear fuel rod claddings produced to date by using (I) an 10 cladding for containing a nuclear fuel, the tubular cladding 

alloy for the outer layer of a multiple layered cladding tube comprising an outer tubular layer having an outer wall and 

with exceptional uvreactor corrosion characteristics and in an inner wall the outer tubular layer formed of a zirconium 

accordance with the present invention to utilize (II) a new alloy, an inner tubular layer bonded to the inner wall of the 

alloy for the inner part of the cladding that is of substantially outer tubular layer and formed of a high strength zirco mum 

higher strength man Zircaloy-2 or Zircaloy-4. while main- 15 based alloy which contains bismuth and which, in one 

taining low parasitic neutron absorption characteristics of CinboiiinaU consists essentially of motybdenum and 3 to 6 

the latter alloys. weight percent bismuth, balance zirconium. 

By using such a higher strength alloy for an inner layer of In another preferred embodiment a high strength clad- 
a multiple layer dadding tube, the overall cladding tube wall ding tube for nuclear fuel where the inner tubular layer is 
thkkness can be reduced while still meeting the mechanical 20 formc<l * bigh strength zirconium based alloy which 
design and performance criteria of the fuel rod. By being consists essentially of 1.5 to 6 weight percent bismuth and 
able to reduce the cladding wall thickness, the cladding about 1 to 4 weight percent tin. the balance zirconium, 
weight per unit length of dadding can be reduced and the In another preferred embodiments a high strength dad- 
cost of a cladding tube of a given length is reduced since less ding tube for nuclear fuel where the inner tubular layer is 
material is needed for the production of the cladding. 25 formed of a high strength zirconium based alloy which 
Furmermore. by being able to reduce the dadding wall consists essentially of 1.5 to 3 weight percent bismuth. 0.5 
thickness, improvements in fuel cydc costs resulting from a to 3 weight percent niobium. 0.5 to IS weight percent 
reduction in the parasitic thwmii neutron absorption can be molybdenum, the balance zirconium, and where the sum of 
obtained since parasitic neutron absorption for cladding of a the amounts of niobium and molybdenum is greater than 1.5 
given composition is directly proportional to the cladding 30 weight percent 

wall thi&ness. Alloying elements with a smaller thermal 

neutron cross section than currently employed tin or nio- BRIEF DESCRIPTION OF THE DRAWINGS 

bium additions can reduce the parasitic neutron absorption FIG 1 is a side elevational view of a nuclear fud 

of toe afloy even further and gain additional improvements JSly f c^ 

in fud cyde costs. 35 fo ^ortened in hdght; 

^^ n ^S^^^ FIG. 2A is a schematic rerxesentation of a cross-sectional 

the imimple layer dadding, energy Paction rodshown for example in the fud 

which is achieved by being able to use larger diameter fud 40 ^mpnsing two layers; and 

pellets while maintaining a constant fud rod outer diameter. FIG. 2B is a schematic representation of a cross-sectional 

STa given fud rod design, the outer diameter of the view of a nudear fud rod shown for example in the fud 

cladding is primarily determined by thermal hydraulic con- assembly in FIG. 1 and having a composite triplex cladding 

^derations and therefore cannot readily be changed. Thin comprising three layers, 

wall cladding can accommodate larger diameter fud pellets 4s nnxAn pn nRVTJTPnnNf of thr 

thanattu^waUdadcUngoftte DETAILED DE^^JffTTON OF THE 
larger diameter fud pellet can have a lower uranium enrich- 

ment than a smaller diameter pellet to produce the same Zircaloy-4 and Zircaloy-2 are much stronger and have 

amount of energy. Far slightly enriched uranium dioxide much better creep resistance than unalloyed cconmercially 

nuclear fud. the lifetime energy production of a unit length so pure zirconium. Zirconium alloys can typically be strength- 

of fud rod is proportional to the total number of U 233 atoms ened by two mechanisms; solid solution hardening and 

per unit length. Thus, for example, by using cladding with a precipitation hardening. A combination of these strengthen- 

0.005 inch thinner wall than a thick wall design fud rod log mechanisms is employed in many bigh strength zirco- 

containiag 0300 inch rtft!"**** pellets enriched to 4.00 wt nium alloys. The most prominent precipitation strengthener 

% U 235 . fud pellets of 03 10 inch diameter may be used. The 55 is niobium It is among others used in the Russian devdoped 

reduced U* 3 * enrichment of these pellets would be zirconium alloys having 1% niobium. 1.2% tin* 0.4% iron. 

and in the zirconium 23%-2.8% niobium alloy used in 

kL (Q-3QW4 x4I»hi*>»3.75»^(^ 15 Canada for CANDU pressure tubes. Other precipitation 

* L (0Ji)V4 strengtheners are molybdenum and silicon. The strength of 

60 Zircaloy-4 and Zircaloy-2 derive mainly from the addition 

(where Lis a unit length of fud) of tin which, because of its solubility in the zirconium 

to mdntjii'n approximately the same number of U M5 atoms matrix. Is a solid solution strengthener. The atomic radius of 

per unit length of fud. Alternatively, by maintaining the tin. 0.1584 nm, is nearly the same as that of zirconium, 

same U 233 enrichment and increasing the pellet diameter, the 0. 1602 nm. and tin atoms take the place of or substitute for 
number of U 233 atoms per unit length of fud rod is increased 63 zfrccuuum atoms in the crystallograpoic lattice of the alloy, 

and the lifetime energy production of a unit length of fud Tin. therefore, is also called a substitutional alloying dement 

would be increased as welL Either alternative would lead to when used in zirconium base alloys. The addition of iron and 
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chromium to Ztrcaloy-4 and iron, chromium and nickel to UL Quinary Alloys 

Zircaloy-2 does Dot substantially affect the mechanical prop- a. 2r»Mum-Bisiimm44c4ybdeaiin^ alloys 

erties of these alloys since these elements are nearly with 1-4 weight percent Tin, 13-6 weight percent 

insoluble in the zirconium alpha phase and are added in Bismuth, and Molybdenum and Niobium, balance Zir- 

small amounts only. These alloy elements are added mainly 3 conium preferably 0.5-U weight percent Molybde- 

to improve the corrosion behavior of the Zircaloys. At num and 0.5-3 weight percent Kiobium 

reactor operating temperatures and below, these transitional All the above alloys could furthermore contain up to 

elements are present in the form of small intecnetallic approximately 0. 1 weight percent silicon for added strength 

particles with the approximate compositions ZitGrFe^ or and grain refinement purposes. In a preferred embodiment 

Zr/NIFe). lQ the minimum silicon content should be 0.008 weight percent 

ft has been determined in the present invention that the (80 ppm). These alloys could also contain between approxi- 
addition of certain alloying elements to zirconium produces mately 0.008 and 0.02 weight percent (80 and 200 ppm) of 
alloys possessing improved strength and creep resistance. carbon for grain size control. 1Tie oxygen level in the above 
More particularly, the addition of bismuth malting up about alloys could be adjusted to tall in the range of 0.06 and 0.18 
1.5 to 6 weight percent and an element or rnixtures of weight percent (600- 1800 ppm) and preferably in the range 
elements selected from the group consisting of 13 of 0.06 to 0.09 weight percent (600-900 ppm) in order to 
molybdenum, tin and niobium, making up about 1 to 4 impart low temperature strength to the alloys, 
weight percent tin. 0.5 to 3 weight percent niobium and/or Referring to the drawings, FIG. 1 represents a nuclear fuel 
0.5 to 1.5 weight percent molybdenum, the balance being assembly 10 for a pressurized water reactor (PWR) corn- 
zirconium, produces alloys which possess substantial prising a lower tie plate 1Z guide tubes 14. nuclear fud rods 
improvement in strength and creep resistance. 20 M which are spaced radially and supported by spacer grids 

In accordance with the {resent invention, alloys for use as 16 s P acco * • lon 8 the guide tubes, an instrumentation tube 28. 

the inner layer of two layered cladding tobc or an inner Uyer ™* M °PP er tic P 1 "* 26 attached to the upper ends of the 

ofathree or more layered cladding tube raving high strength tubes. Control rods which are used to assist in con- 

and improved creep behavior as well as reduced parasitic trolling the fission reaction are disposed in the guide tubes 

neutron absorption comprise zirconium with an addition of 25 during reactor operation, but are not shown. Each fuel rod 18 

from 1.5 to 6 weight percent bismuth (Bi> Similar to tin. generally includes a metallic tubular fuel rod cladding lit 

bismuth is a solid solution strengthener. The atomic radius of ( 12Q ) w**" 1 m nuclear fuel pellets 80 composed of 

bismuth is 0.1700 nm compared to the atomic radius of fissionable material and an upper end plug 22 and a lower 

zirconium which is 0.1602 nm. This makes bismuth a end plug 24 which hermeucally seal the nuclear fuel pellets 

substitutional alloying element similar to tin. The added 30 within the metallic tubular fuel rod cladding. A helical spring 

advantage of using bismuth as an alloying element is its very mcmbcr te positioned within the fuel rod between upper 

low thermal neutron cross section; 0,034 barns compared to end plug 22 and fuel pellet 80 to maintain the position of the 

zirconium with a cross section of 0. 1 84 barns. The thermal in a SUckcd relationship, 

neutron cross section of tin is 0.610 barns. Whereas the Referring to FIG. 2A which is a schematic representation 

addition of tin to zirconium increases the parasitic neutron 35 of a cross-sectional view of a nuclear fuel rod for a PWR 

absorption of the alloy over that of pure zirconium metal, the sucfa M sbown m nG - 1 constructed according to the 

addition of bismuth lowers the parasitic neutron absorption teachings of the present Invention having a composite clad- 

by the alloy compared to either zirconium metal or to **** 110 com P risin 8 an outer layer 111 composed of a 

Zircaloy. corrosion resistant zirconium and/or zirconium alloy metal 

lUe foUowing zirconium alloys with concentration levels 40 jnd an inner layer 114 bonded rr^taUur^y to inner wall 

of alloying elements have higher yield strength and creep 113 * outcr ^ * U ^ of "^idum aUoy 

resistance than Zircaloy and zkconhim. consisting essentially of inolybdenum and 3 to 6 weight 

L Ternary Aliovs percent bismuth and the balance zirconium, and preferably 

a. zXum^^^ alloys with 3-6 45 7^*1^^ * to ***** ° f 0 5 t0 

" * ***** embodiment the inner layer 114 is made from 

Arconium preferably 0.5 to L5wdght percent Moiyb- anothcr rirconjQm alloy consisting essentially of 

. rr . num . t _ „ fm . M , ^ molybdenum, niobium, and 3 to 6 weight percent bismuth 

b. Zirconium.Bismuth-*nn alloys with 1-4 weight percent and the balance zirconium, and preferably where the amount 
Tin and 1.5-6 weight percent Bismuth, balance Zirco- M of molybdenum is in the range of 0 J to 1.3 weight percent 

„ n f" m 4 „ and the amount of niobium is in the range of 0.5 to 3 weight 

ILQuartonary Alloys percent 

a. ^ronium-Bismum-Moiybdenum-Niobium alloys In another eriu>odiment inner layer 114 is composed of a 
^ m zirconium alloy consisting essentially of 1.5 to 6 weight 

(A) 3-6 weight percent Bismuth, and Molybdenum and « percent bismuth and 1 to 4 weight percent tin. the balance 
Niobium* balance Zirconium, preferably 0.5-1.5 zirconium. 

weight percent Molybdenum and 0.5-3 weight per- In another embodiment inner layer 114 is composed of a 

oent Niobium; and zirconium alloy consisting essentially of molybdenum and 

(B) 1.5-3 weight percent Bismuth, 0.5-3.0 weight 1.5 to 6 weight percent bismuth and 1 to 4 weight percent tin. 
percent Niobium and 0.5-1.5 weight percent 60 the balance zirconium, 

Molybdenum, balance Zirconium where the sum of in another embodiment inner layer 114 is composed of a 

Molybdenum and Niobium is greater than 1.5 weight zirconium alloy consisting essentially of molybdenum. 

Percent niobium, and 1.5 to 6 weight percent bismuth and 1 to 4 

b. Zirconium-Bismutb-Mdybdenum-Tm alloys with \-A weight percent tin. the balance zirconium, and preferably 
weight percent Tin. 1.5-6 weight percent Bismuth, and 65 where the amount of molybdenum ranges from fX5 to 1.5 
Molybdenum, balance Zirconium preferably 0.5-13 weight percent and the amount of niobium ranges from 0.5 
weight percent Molybdenum to 3 weight percent 
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lb another embodiment, inner layer is composed of a 
zirconium alloy consisting essentially of 1.5 to 3 weight 
percent bismuth, 0.5 to 3 weight percent niobium, OS to 1.5 
weight percent molybdenum, the balance zirconium, where 
the sum of the amounts of ninhinm and molybdenum is 
greater man 1*5 weight percent 

Referring to FIG. ZB which is a schematic representation 
of a cross-sectional view of another nuclear fuel rod for a 
PWR such as shown in FIG. 1 constructed according to the 
teachings of the present invention having a composite clad- 
ding 129 comprising an outer layer 121 composed of a 
corrosion resistant zirconium andVcr zirconium alloy metal, 
an inner layer 124 composed a high strength zirconium alloy 
and an innermost layer 127 or liner bonded metallurgically 
on the inside surface 126 of the inner layer 121 

in accordance with the present invention, inner layer 124 
of composite cladding 120 is composed of a high strength 
zirconium alloy consisting essentially of molybdenum and 3 
to 6 weight percent bismuth and the balance zirconium, and 
preferable where the amount of molybdenum is in the range 
of 0.5 to 1.5 weight percent. 

In another embodiment the inner layer 124 is made from 20 
another zirconium alloy consisting essentially of 
molybdenum* niobium, and 3 to 6 weight percent bismuth 
and the balance zirconium, and preferably where the amount 
of molybdenum is in the range of 0^ to 1.5 weight percent 
and the amount of niobium is in the range of 0.5 to 3 weight 
percent. 

In another embodiment, inner layer 124 is composed of a 
zirconium alloy consisting essentially of 1.5 to 6 weight 
percent bismuth and 1 to 4 weight percent tin. the balance 
zirconium. 

Id another embodiment inner layer 124 is composed of a 
zirconium alloy consisting essentially of molybdenum and 
1.5 to 6 wdghtr<rcem bismuth and 1 to 4 wei^ percent tin. 
the balance zirconium. 

In another embodiment inner lay a 124 is composed of a 
zirconium alloy consisting essentially of morybdenum. 
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niobium, and U to 6 weight percent bismuth and 1 to 4 
weight percent tin, the balance zirconium, and preferably 
where the amount of molybdenum ranges from 0.5 to 1.5 
weight percent and the amount of niobium ranges from 0.5 
to 3 weight percent 

Id another embodiment, inner layer 124 is composed of a 
zirconium alloy consisting essentially of 1.5 to 3 weight 
percent bismuth, 0.5 to 3 weight percent niobium, 0.5 to 1.5 
weight percent molybdenum, the balance zirconium, where 
the sum of the amounts of niobium and molybdenum is 
greater man 1.5 weight percent 

To provide additional protection against pellet cladding 
interactive (PCI) induced failures, innermost layer 127 can 
be zirconium or a zirconium alloy, or another metal and 
preferably is made of pure or sponge zirconium or a dilute 
zirconium iron alloy of about 04 weight percent iron. 

While the foregoing description and drawings represent 
the preferred embodiments of the present invention, it will 
be apparent to those skilled in the art that various changes 
and modifications may be made therein without departing 
from the true spirit and scope of the present invention. 

I claim: 

1. A high strength cladding tube for nuclear fuel far a 
water cooled and or moderated nuclear reactor comprising: 
an elongated hollow metallic tubular cladding for con- 
taining a nuclear fuel the tubular cladding comprising: 
an outer tubular layer having an outer wall and an inner 
wall, the outer tubular layer formed of zirconium 
.•Hoy. 

an inner tubular layer bonded to the inner wall of the 
outer tubular layer and formed of a high strength 
zirconium alloy consisting essentially of molybde- 
num and 3 to 6 weight percent bismuth, the balance 
zirconium. 



2. The cladding tube as in diim 1 wherein tbe amount of 
molybdenum is in the range of 0.5 to 1.5 weight percent 

3. The dadding tube as in claim 1 wherein the zirconium 
alloy tube further consists essentially of niobium. 

4. The dadding tube as in claim 3 wherein the amount of 
molybdenum is in the range of 0.5 to 15 weight percent 

5. The cladding tube as in daim 4 wherein the amount of 
niobium is in the range of 0.5 to 3 weight percent 

6. The cladding tube as in claim 1 wherein the tubular 
cladding further includes an innermost layer bonded to an 
inner wall of the inner layer. 

7. The -cladding tube dement as in claim 6 wherdn the 
innermost layer is formed of a metal selected from the group 
consisting of zirconium and a zirconium alloy. 

8. A high strength dadding tube for nuclear fud for a 
water cooled and or moderated nudear reactor 

an elongated hollow metallic tubular cladding for con- 
taining a nudear fuel the tubular dadding comprising: 
an outer tubular layer having an outer wall and an inner 
wall the outer mbular layer formed of a zirconium 
alloy, 

an inner tubular layer bonded to the inner wall of the 
outer tubular layer and formed of a high strength 
zirconium alloy consisting essentially of 1.5 to 6 
wtight percent bismuth and 1 to 4 weight percent tin. 
the balance zirconium. 

9. The cladding tube as In claim 8 wherein the zirconium 
alloy further consists essentially of molybdenum. 

10. The cladding tube as in daim 9 wherein the zirconium 
alloy further consists essentially of niobium. 

1L The cladding tube as in ri*im 9 wherein the amount of 
molybdenum is in the range of 0.5 to L5 wdgbt percent 
12 The cladding tube as in claim 10 wherein the amount 
35 of niobium is in the range of 0.5 to 3 weight percent. 

13. The cladding tube as in claim It wherein the amount 
of molybdenum is in the range of 0.5 to 1.5 weight percent 

14. The cladding tube as in claim 12 wherein the amount 
of molybdenum is in the range of 0.5 to 1.5 weight percent 

15. The cladding tube as in claim 8 wherein tbe tubular 
cladding further includes an innermost layer bonded to an 
inner wall of the inner layer. 

16. The dadding tube as in claim 15 wherein the inner- 
most layer is formed of a metal sdected from the group 
consisting of zirconium and a zirconium alloy. 

17. A high strength cladding tube for nuclear fud for a 
water cooled and or moderated nudear reactor comprising: 

an dongated hollow metallic tubular ri»<Mj n g far coo- 
taimng a nudear fuel the tubular dadding comprising: 
an outer tubular layer having an outer wall and an inner 
wall the outer tubular layer formed of a zirconium 
alloy, 

an inner tubular layer bonded to the inner wall of the 
outer tubular layer and formed of a high strength 
zirconium alloy consisting essentially of 1.5 to 3 
weight percent bismuth, 0.5 to 3 weight percent 
niobium. 0.5 to 1.5 weight percent molybdenum, the 
balance zirconium, wherdn the sum of the niobium 
and molybdenum is greater than 1.5 wdght percent 

18. Tbe cladding tube dement as in daim 17 wherein the 
tubular dadding further indudes an innermost layer bonded 
to an inner wall of the inner layer, 

19. The cladding tube dement as in daim 18 wherein the 
innermost layer is formed of a metal selected from tbe group 
consisting of zirconium and a zirconium alloy. 
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